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Abstract In the paper, the scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and X-
ray photoelectron spectroscopy (XPS) results of the Ti6Al4V
alloy treated by a novel plasma electrolytic oxidation (PEO)
(micro arc oxidation) in the electrolyte containing concentrat-
ed phosphoric acid and copper nitrate are presented. The PEO
treatment was performed at the voltage of 450±10 V. The
main problem to solve under the experiments was to obtain
a porous surface layer composed mainly of titanium phos-
phates within the copper ions. The performed study has
shown that the amount of copper nitrate in 85 % concentrat-
ed phosphoric acid should be not less than 1.60 mol/L. The
best result in the case of copper (4.3±0.6 wt%) and phos-
phorus (19.9±0.5 wt%) contents in the surface layer was
obtained after the PEO treatment in electrolyte with the
highest amount of copper nitrate used, i.e., in 3.20 mol/L
of Cu(NO3)2 in H3PO4. Concerning the Ti6Al4V alloy for
the use as biomaterial, an interesting characteristic and a
great advantage obtained from the proposed PEO treatment
is eliminating vanadium and a considerable diminishing of
aluminum from the surface coating. Two elements forming
Ti6Al4Valloy, vanadium, and aluminum are detrimental for
human body. After implantation, vanadium leaking from
this biomaterial reveals the carcinogenic effects whereas
aluminum has an impact on acceleration and stimulation
of Alzheimer’s disease. Separation and isolation of the hu-
man tissue from the matrix is a crucial task of researchers.
The proposed new PEO process fulfills this requirement and
may result in great improvement of the biomedical surface
characteristics.
Keywords Ti6Al4Valloy . Plasma electrolytic oxidation
(PEO) treatment .Micro arc oxidation (MAO) . Surface layer .
SEM . EDS . XPS
1 Introduction
Plasma electrolytic oxidation (PEO) known also as the micro
arc oxidation (MAO) [1–4] as well as electrochemical
polishing (EP) [5], magnetoelectropolishing (MEP) [5–9],
and/or high-current density electropolishing (HDEP) [10, 11]
operations performed on metals or alloys results in the forma-
tion of the surface layer with different specific mechanical [12,
13] and corrosion properties [9, 14]. These layers are generally
characterized by different chemical compositions [15–18]
than that of the matrix itself. The difference in those treatments
lies also in the range of processing control, i.e., the electro-
chemical polishing is controlled by the current density, while
in the case of the PEO operations, the voltage is the main
control parameter.
The passive/oxide layer after the electropolishing treatment
operations is formed with the thickness of 5–10 nm, whereas
the thickness of the PEO layer is about 1000 higher, being of
the order of about 10 μm and has a porous structure. The
layers obtained after electropolishing operations are mostly
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the case of stainless steels or in titanium compounds in the
case of titanium alloys treated. Due to these specific features,
these oxides are named as “passive.” It should be added that
after the PEO/MAO operations, the surface layer/coating is
generally non-passive. The “non-passive layer” term here re-
fers to the phosphate porous coating under which there is a
passive, compact thin film containing mainly titanium oxides.
Due to the large number of pores created during the PEO
treatment, it is not possible to conclude that the outer porous
surface is passive. Because of the biocompatibility needed in
the obtained PEO coatings, the most important is to obtain the
outer layer with a large number of pores which—if a bioma-
terial implant is inserted—will be partly absorbed by the hu-
man body.
Numerous published papers presenting scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/
EDS), X-ray diffraction analysis (XRD), X-ray photoelectron
spectroscopy (XPS), and secondary ion mass spectroscopy
(SIMS) results indicate that the surface layers formed after
each of the EP, MEP, HDEP, and PEO treatments have differ-
ent chemical compositions and structure (various crystalline
and/or amorphous forms) than those of the native matrices
[1–18]. Some of them obtained by EP, MEP, and HDEP are
passive, and others obtained in PEO/MAO operations are
open thick porous layers, generally non-passive [1–4]. The
abovementioned nano- and micro-surface layers obtained by
the EP, MEP, HDEP, and PEO (MAO) treatments are often
formed on biomaterials for their improved biocompatibility
[19]. In addition, in some of the operations of PEO/MAO, a
special effort is taken for the surface layers to be enriched in
the chemical elements like silver and/or copper, which are
bactericidal [20–24].
Ti6Al4V is the most widely used titanium alloy of special
characteristics, good machinability, and excellent mechanical
properties. Its characteristic features cover the high strength,
low weight-to-volume ratio, and outstanding corrosion resis-
tance. A wide and diversified range of applications of this
titanium alloy includes aerospace and automotive industries,
marine applications, chemical industry and oil and gas extrac-
tion industry, power generation, sports (e.g., race-car gear-
box), and other major industries. In numerous engineering
applications, this titanium alloy has replaced heavier, less ser-
viceable and/or less cost-effective materials. All these proper-
ties, with the demand for high level of reliable performance,
resulted in biomechanical applications, such as implants and
prosthesis [2–4, 25–27].
Biocompatibility of Ti6Al4V has been assumed to be ex-
cellent, especially when a direct contact with tissue or bone is
required. After years of biomedical applications, however, it
has been noticed that some of the elements forming this alloy
can elude/leak out into the human tissue, resulting in a pro-
gressive threat to the human being. Specifically, aluminum
and vanadium are the elements that should be avoided due
to the detrimental action in the human body [27–29].
Fig. 2 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
0.05 mol/L of Cu(NO3)2 in
H3PO4 electrolyte (higher
magnification)
Fig. 1 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
0.05 mol/L of Cu(NO3)2 in
H3PO4 electrolyte
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Nowadays, the Ti6Al4Valloy is still used as a biomaterial
[28–31]. It has to be pointed out that vanadium, an alloying
element in Ti6Al4V alloy, has relatively strong cytotoxicity.
Under conditions corresponding to human body (tissue envi-
ronment), the implant containing metallic vanadium is ther-
modynamically unstable, located in the area of corrosion, in
contrast to pure titanium. Further analysis of the literature
concerning biocompatibility of titanium alloys clearly indi-
cates the carcinogenic effects of vanadium [29–33]. The toxic
effects of aluminum were also proved concerning the neuro-
toxicity associated with Alzheimer’s disease [27–30, 33–37].
Based on the review of literature and the up-to-date studies,
the following hypotheses may be formulated:
1. Most likely, it is possible to obtain a coating based on a
phosphate-enriched copper ions by plasma electrolytic
oxidation in phosphoric acid within copper nitrate, and
2. It is expected that the amount of copper in the coating
depends on the concentration of dissolved copper nitrate
in phosphoric acid.
The aim of the work was to create a porous coating on
titanium alloy, containing copper ions by the plasma electro-
lytic oxidation (PEO). The study by all using spectroscopic
methods combined with statistical data processing has to
prove that goal has been achieved. Additionally, the authors
studied the three electrolytes with different amounts of copper
nitrate and found out the best one regarding surface porosity
and the content of copper within coating.
In this paper, the surface modification by Cu incorporation
in the Ti6Al4V biomaterial alloy has been studied. The authors
present the possibility of incorporation of the copper ions into
the surface layer by the PEO treatment at the voltage of 450 V




The Ti6Al4V (6 % Al, 4 % V, 90 % Ti) samples cut off from
the cold-rolled plate were served for the study. The samples
were prepared in the form of rectangular specimens of dimen-
sions 5×30×1.3 mm and cleaned with acetone before the
PEO treatment.
2.2 PEO setup and parameters
The plasma electrolytic oxidation (PEO) was performed at
the voltage of 450±10 V. The main elements of the setup
were the following: a processing cell, a dc power supply, the
Fig. 3 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
1.60 mol/L of Cu(NO3)2 in
H3PO4 electrolyte
Table 1 Descriptive statistics of the amount of phosphorus, aluminum, titanium, and copper in the surface layer formed on Ti6Al4Valloy after PEO at
voltage of 450 V in electrolyte containing from 0.05 up to 3.20 mol/L of Cu(NO3)2 in H3PO4
wt% 0.05 mol/L of Cu(NO3)2 1.60 mol/L of Cu(NO3)2 in H3PO4 3.20 mol/L of Cu(NO3)2 in H3PO4
O Al P Cu Ti O Al P Cu Ti O Al P Cu Ti
Mean 43.5 2.5 3.2 0 50.7 53.2 1.4 19.9 2.5 30.9 51.8 1.1 19.9 4.3 22.9
Variance 0.15 0.05 0.21 0 0.42 73.35 0.08 3.8 0.11 25.75 0.45 0.01 0.26 0.33 0.38
Standard deviation 0.4 0.2 0.5 0 0.6 8.6 0.3 14.43 0.3 5.1 0.7 0.1 0.5 0.6 0.6
Median 43.5 2.5 3.3 0 50.6 49.6 1.3 18.2 2.4 28.9 52 1.1 19.8 4 23
Maximum 44.1 2.8 3.5 0 51.7 68.5 1.9 26.6 3 39.9 52.4 1.2 20.5 5.2 23.5
Minimum 43.1 2.2 2.4 0 50.1 48.9 1.2 17.4 2.2 27.7 50.8 0.9 19.4 3.9 21.9
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electrodes, and connecting wiring. The studies were carried
out in the electrolyte of initial temperature of 20±2 °C. For
the studies, the electrolyte composed of orthophosphoric
acid with an addition of copper II nitrate was used. For each
run, the electrolytic cell made of glass was used, containing
up to 500 mL of the electrolyte.
2.3 Setup of SEM/EDS
The scanning electron microscope Quanta 250 FEI with low
vacuum and ESEMmode and a field emission cathode as well
as the energy-dispersive EDX system in a Noran System Six
with nitrogen-free silicon drift detector were used. The mag-
nifications of 500 and 6000 times for SEM photos were used.
The EDS analyses were performed from the whole frame for
magnification of ×6000.
2.4 Setup of XPS
The XPSmeasurements on the PEO-treated Ti6Al4V samples
were performed using SCIENCE SES 2002 instrument using
a monochromatic (Gammadata Scienta) Al K(alpha) (hν=
1486.6 eV) X-ray source (18.7 mA, 13.02 kV). The scan
analyses were carried out with the analysis area of 1×3 mm
and a pass energy of 500 eVwith the energy step of 0.2 eVand
the step time of 200 ms. The binding energy of the
spectrometer has been calibrated by the position of the Fermi
level on a clean metallic sample. The power supplies were
stable and of high accuracy. The experiments were carried
out in an ultra-high vacuum system with a base pressure of
about 6×10−10 Pa. The XPS spectra were recorded in normal
emission [10–12, 38–40]. For the XPS analyses, the CasaXPS
2.3.14 software (Shirley background type) was used. The all
binding energy values presented in that paper were charge
corrected to C 1s at 284.8 eV. The spectra of titanium (Ti
2p) and phosphorus (P 2p) with nine sweeps, nickel (Ni 2p)
and copper (Cu 2p) with 16 sweeps, and the oxygen (O 1s)
and carbon (C 1s) with four sweeps were studied. Under an
additional Ti6Al4V surface layer analysis, it was found that Al
2p spectrum overlapped with Cu 3p spectrum. Because of that
overlapping, there was found the real area of Al 2p peak using
the two equations:
Area Cu 3pð Þ ¼ Area Cu 2pð Þ  R:S:F: Cu 3pð Þ
R:S:F: Cu 2pð Þ ¼ Area Cu 2pð Þ
 0:0976Real Area Al 2pð Þ ¼ Area Al 2pð Þ− Area Cu 3pð Þ
3 Results and discussion
The SEM photos of the surface layer formed on Ti6Al4Valloy
after PEO in the electrolyte consisting of Cu(NO3)2 and
Fig. 5 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
3.20 mol/L of Cu(NO3)2 in
H3PO4 electrolyte
Fig. 4 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
1.60 mol/L of Cu(NO3)2 in
H3PO4 electrolyte (higher
magnification)
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H3PO4 of 0.05 mol/L are shown in Figs. 1 and 2. The charac-
teristic feature is the surface layer obtained after the PEO
treatment in that electrolyte, which is not porous. Looking
from above, some forms of the PEO coating in the surface
layer may be distinguished. However, after 3 min of the
PEO oxidation, no characteristic porous layer is visible. In
Fig. 7 EDS spectra of the surface
layer formed on Ti6Al4Valloy
after PEO at the voltage of 450 V
in the electrolyte containing a
0.05, b 1.60, and c 3.20 mol/L of
Cu(NO3)2 in H3PO4 electrolyte
Fig. 6 SEM picture of surface
layer formed on Ti6Al4Valloy
after PEO at voltage of 450 V in
3.20 mol/L of Cu(NO3)2 in
H3PO4 electrolyte (higher
magnification)
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Table 1, the chemical composition of the obtained surface
layer is presented. After treatment in that electrolyte, mainly
titanium and aluminum were detected and finally one cannot
verify, whether they come from the matrix or from the PEO
surface layer. A very small amount of phosphorus (3.2±
0.5 wt%) and a high oxygen amount (43.5±0.4 wt%) in the
surface layer were recorded. It may suggest that the surface
layer formed after the PEO consists mainly of titanium oxides/
hydroxides with some small inclusions of titanium phos-
phates. With the EDS method, it was possible to detect neither
carcinogenic vanadium nor bactericidal copper. In conclusion,
it should be noted that the PEO treatment at the voltage of
450 V in electrolyte with a small amount of copper nitrate,
i.e., about 0.05 mol/L, has not any practical meaning re-
garding the surface layer Cu element enrichment for bio-
medical application. In fact, there is lack of the porous
surface layer and absence of the copper ions in the film
obtained.
The PEO treatment in the electrolyte with much higher
concentration of copper nitrate, i.e., about 1.60mol/L, resulted
in the appearance of the porosity that is depicted in Figs. 3 and
4. On the basis of Table 1, it is possible to conclude that the
Fig. 8 Box and whisker plots of
the amount of phosphorus,
aluminum, titanium, and copper
in the surface layer formed on
titanium Ti6Al4Valloy after PEO
at voltage of 450 V in electrolyte
containing from 0.05 up to
3.20 mol/L of Cu(NO3)2 in
H3PO4
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chemical composition is definitely different from the first one
(concerning the sample after PEO treatment in 0.05 mol/L of
Cu(NO3)2 in H3PO4 electrolyte). In the surface layer, high
amount of phosphorus (19.9±3.8 wt%) and copper (2.5±
0.3 wt%)were recorded. It maymean that the top surface layer
consists of titanium and copper phosphates with some inclu-
sions of oxides and hydroxides. Interestingly, the amount of
aluminum is reduced to 1.4±0.3 wt%. This may suggest that
the aluminum signal originating from that element comes
mainly from the matrix. Concerning the use of Ti6Al4V as a
biomaterial, the information is very important because the
aluminum may affect the acceleration of the Alzheimer’s dis-
ease and Down syndrome subjects [30].
The standard thickness of the PEO coating is up to 10 μm,
and it consists with at least of two sub-layers. The first one,
inner and adjacent to the matrix, is relatively thin, corrosion
resistant, and non-porous. It can be treated as a transition layer
betweenmatrix (Al 6 wt%, V 4 wt%, Ti 90 wt%) and the outer
one, porous sub-layer, which consists mainly of titanium
phosphates within copper ions and/or compounds with a very
small amount of aluminum compounds. Most likely, it is
formed at the beginning of the PEO process and during further
processing time the porous outer layer is growing. The outer
sub-layer of PEO coating has a small amount of aluminum
inside, because the participation of that element decreases as it
approaches to the outer surface. During that oxidation process,
the outer surface layer is being created and simultaneously
destroyed bymicro arcs, resulting in, among others, formation
of pores. However, the main material for the PEO coating
creation is derived from electrolyte (phosphorus, copper, and
oxygen) and from the titanium alloy treated (titanium). As-
suming that the successive sub-layers are formed one on an-
other one, and that each next forming sub-layer gets the build-
ing material from the previous sub-layer and electrolyte, one
may easily explain why the outer sub-layer has so small
amount of aluminum and lack of vanadium.
The plasma electrolytic oxidizing in the solution containing
3.20 mol/L of Cu(NO3)2 in concentrated phosphoric acid re-
sulted in the formation of a porous surface layer (Figs. 5 and 6)
with the highest amount of copper (4.3±0.6 wt%) and the
smallest amount of aluminum (1.1±0.1 wt%). The amount
of phosphorus (19.9±0.5 wt%) in the surface layer is similar
to that recorded on the sample oxidized in the solution
consisting of 1.60 mol/L of Cu(NO3)2 in H3PO4. It should
be noted that, if looking from the standpoint of biocompati-
bility, the obtained surface layer is the best one. The titanium
phosphates enriched with the copper ions have revealed a
porous structure which should be biocompatible and condu-
cive to the osseointegration [31].
In Fig. 7, the EDS spectra of the surface layer formed on
Ti6Al4V alloy after PEO at the voltage of 450 V in the
electrolyte containing (a) 0.05, (b) 1.60, and (c) 3.20 mol/L
of Cu(NO3)2 in H3PO4 are displayed. As it was mentioned
before, the surface layer compositions are given in Table 1.
The highest signals from the PEO layers, formed in the
electrolytes containing copper nitrate of 1.60 and 3.20 mol/L
of 85 %-concentrated phosphoric acid for phosphorus, were
measured. The lowest signals from copper and aluminum
were registered. In the case of the electrolyte of 1.60 mol/L
of copper nitrate, the aluminum amount was higher than
that of copper, but most likely, the recorded aluminum sig-
nal has been derived from the matrix itself and the copper
just from the PEO layer.
In Fig. 8, the box and whisker plots of the amount of phos-
phorus, aluminum, titanium, and copper in the surface layer
formed on titanium Ti6Al4V alloy after PEO at the voltage
of 450 V in electrolyte containing from 0.05 up to
3.20 mol/L of Cu(NO3)2 in 85 % H3PO4 are presented.
Table 2 Significant t test of the amount of phosphorus in the surface layer formed on Ti6Al4V alloy after PEO at voltage of 450 V in electrolyte
containing from 5 to 300 Cu(NO3)2 in 500 ml H3PO4 [41]
Group 1
vs group 2
















5 vs 5 g 3.20000 3.20000 0.0000 8 0.000000 5 5 0.458258 0.458258 1.00000 1.000000
5 vs 150 g 3.20000 19.88000 −9.7472 8 0.000010 5 5 0.458258 3.798947 68.72381 0.001222
5 vs 300 g 3.20000 19.92000 −54.7095 8 0.000000 5 5 0.458258 0.506952 1.22381 0.849546
150 vs 5 g 19.88000 3.20000 9.7472 8 0.000010 5 5 3.798947 0.458258 68.72381 0.001222
150 vs 150 g 19.88000 19.88000 0.0000 8 1.000000 5 5 3.798947 3.798947 1.00000 1.000000
150 vs 300 g 19.88000 19.92000 −0.0233 8 0.981953 5 5 3.798947 0.506952 56.15564 0.001815
300 vs 5 g 19.92000 3.20000 54.7095 8 0.000000 5 5 0.506952 0.458258 1.22381 0.849546
300 vs 150 g 19.92000 19.88000 0.0233 8 0.981953 5 5 0.506952 3.798947 56.15564 0.001815
300 vs 300 g 19.92000 19.92000 0.0000 8 1.000000 5 5 0.506952 0.506952 1.000000 1.000000
Data in italics means significant difference in the data comparison
a Variables were treated as independent samples
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For the statistics [38–41] presented in Table 1 and Fig. 8, three
samples were selected for measurements five times repeated
each. Additionally, in Tables 2, 3, 4, and 5, the significant t
tests of the amount of phosphorus, titanium, and copper in the
surface layer formed on Ti6Al4V alloy after PEO at the volt-
age of 450 V in the electrolyte containing from 0.05 up to
3.20 mol/L of Cu(NO3)2 in 85 % H3PO4 are displayed.
On the basis of Tables 2, 3, 4, and 5 and Fig. 8, it is
visible that there are significant differences in the amounts
of aluminum, titanium, and copper in between the surface
layers formed during PEO in each of the electrolytes stud-
ied. The amount of phosphorus in the PEO layer is the same
after oxidizing in the solution containing 1.60 mol/L as well
as 3.20 mol/L of copper nitrate in 85 %-concentrated H3PO4
acid. However, the standard deviation (0.5 wt%) and the
range (1.1 wt%) obtained from the statistical analysis
(Table 1) for the phosphorus after the processing in the
electrolyte containing the highest amount of copper nitrate
(3.20 mol/L) were lower than those obtained after oxidizing
in the electrolyte consisting of 1.60 mol/L of Cu(NO3)2 in
H3PO4, i.e., the standard deviation and the range were equal
to 14.43 and 9.2 wt%, respectively.
The authors propose the following mathematic formu-
lae describing the weight percent of main elements of
the surface layer except for the oxygen, which can be
also in carbon compounds’ contaminations. The formu-
lae can help to predict the chemical compositions of the
surface layers formed after the PEO in the electrolyte
consisting of concentrated phosphoric acid and copper
nitrate. The function argument x is the amount of
Table 4 Significant t test of the amount of titanium in the surface layer formed on Ti6Al4Valloy after PEO at voltage of 450 V in electrolyte containing
from 5 to 300 g Cu(NO3)2 in 500 ml H3PO4 [41]
Group 1 vs
group 2
















5 vs 5 g 50.70000 50.70000 0.0000 8 1.000000 5 5 0.644205 0.644205 1.00000 1.00000
5 vs 150 g 50.70000 30.94000 8.6383 8 0.000025 5 5 0.644205 5.074249 62.04337 0.001494
5 vs 300 g 50.70000 22.90000 69.5000 8 0.000000 5 5 0.644205 0.620484 1.07792 0.943776
150 vs 5 g 30.94000 50.70000 −8.6383 8 0.000025 5 5 5.074249 0.644205 62.04337 0.001494
150 vs 150 g 30.94000 30.94000 0.0000 8 1.000000 5 5 5.074249 5.074249 1.00000 1.000000
150 vs 300 g 30.94000 22.90000 3.5168 8 3.5168 5 5 5.074249 0.620484 66.87792 0.001289
300 vs 5 g 22.90000 50.70000 −69.5000 8 0.000000 5 5 0.620484 0.644205 1.07792 0.943776
300 vs 150 g 22.90000 30.94000 −3.5168 8 0.007883 5 5 0.620484 5.074249 66.87792 0.001289
300 vs 300 g 22.90000 22.90000 0.0000 8 1.000000 5 5 0.620484 0.620484 1.00000 1.000000
Data in italics means significant difference in the data comparison
a Variables were treated as independent samples
Table 3 Significant t test of the amount of aluminum in the surface layer formed on Ti6Al4V alloy after PEO at voltage of 450 V in electrolyte
containing from 5 to 300 g Cu(NO3)2 in 500 ml H3PO4 [41]
Group 1
vs group 2
















5 vs 5 g 2.520000 2.520000 0.0000 8 1.000000 5 5 0.216795 0.216795 1.000000 1.000000
5 vs 150 g 2.520000 1.400000 7.0275 8 0.000110 5 5 0.21795 0.282843 1.702128 0.619008
5 vs 300 g 5.520000 1.080000 13.2563 8 0.000001 5 5 0.216795 0.109545 3.916667 0.214550
150 vs 5 g 1.400000 2.520000 −7.0275 8 0.0001100 5 5 0.282843 0.216795 1.702128 0.619008
150 vs 150 g 1.400000 1.400000 0.0000 8 1.000000 5 5 0.282843 0.282843 1.000000 1.000000
150 vs 300 g 1.400000 1.080000 2.3591 8 0.046025 5 5 0.282843 0.109545 6.666667 0.093203
300 vs 5 g 1.080000 2.520000 −13.2563 8 0.000001 5 5 0.109545 0.216795 3.916667 0.214550
300 vs 150 g 1.080000 1.400000 −2.3591 8 0.046025 5 5 0.109545 0.282843 6.666667 0.093203
300 vs 300 g 1.08000 1.080000 0.0000 8 1.000000 5 5 0.109545 0.109545 1.000000 1.000000
Data in italics means significant difference in the data comparison
a Variables were treated as independent samples
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copper nitrate, from 0.05 to 3.20 mol/L, in the 85 %-
concentrated H3PO4 acid:
Cu ¼ 0:014⋅xþ 0:061; R2 ¼ 0:95
P ¼ 4:158⋅lnx−3:414; R2 ¼ 0:99
Ti ¼ −0:094⋅xþ 49:1; R2 ¼ 0:89






The main goal of mathematical equations presented above
is to describe the PEO coating formed on titanium alloy. The
use of that description provides a possibility to perform a basic
optimization, i.e., finding out the PEO treatment conditions
for which the POE coating contains the lowest amount of
aluminum and the highest amount of copper in the structure.
Givenmathematical relations can be used just in relation to the
experiment conditions, i.e., to arguments (copper nitrate
amount) from 0.05 to 3.20 mol/L, in the 85 %-concentrated
H3PO4 acid. The formulae were obtained on the basis of three-
level statistical plan within five repetitions of each measure-
ment. The coefficients of determination, which describe how
well data are fitted to a statistical model, are not less than
95 %, what should be considered as a very good PEO coating
model consisting of the four mathematical equations.
Additionally, on the basis of the obtained EDS results, the








¼ 77⋅10−5⋅x R2 ¼ 0:92 
describing the function of the copper nitrate content (x) in
electrolyte.
Fig. 9 Survey XPS spectra of the surface layer formed on Ti6Al4Valloy after PEO
Table 5 Significant t test of the amount of copper in the surface layer formed on Ti6Al4Valloy after PEO at voltage of 450 V in electrolyte containing
from 5 to 300 g Cu(NO3)2 in 500 ml H3PO4 [41]
Group 1 vs group
2























5 vs 300 g 0.000000 4.320000 −16.8925 8 0.000000 5 5 0.000000 0.571839 0.000000 1.000000
5 vs 150 g 0.000000 2.520000 −17.2264 8 0.000000 5 5 0.000000 0.327109 0.000000 1.000000
5 vs 5 g 0.000000 0.000000 8 5 0.000000 0.000000
150 vs 300 g 2.520000 4.320000 −6.1096 8 0.000286 5 5 0.327109 0.571839 3.056075 0.304760
150 vs 150 g 2.520000 2.520000 0.0000 8 1.000000 5 5 0.327109 0.327109 1.000000 1.000000
150 vs 5 g 2.520000 0.000000 17.2264 8 0.000000 5 5 0.327109 0.000000 0.000000 1.000000
300 vs 300 g 4.320000 4.320000 0.0000 8 1.000000 5 5 0.571839 0.571839 1.000000 1.000000
300 vs 150 g 4.320000 2.520000 6.1096 8 0.000286 5 5 0.571839 0.327109 3.056075 0.304760
300 vs 5 g 4.320000 0.000000 16.8925 8 0.000000 5 5 0.571839 0.000000 0.000000 1.000000
Data in italics means significant difference in the data comparison
a Variables were treated as independent samples
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XPS analysis allows to get information about the chemical
composition on a depth of about 10 nm, which should be
considered as a contact layer with human tissue. These results
should help to determine exactly the conditions for using the
plasma electrolytic oxidation treatment to reduce the risk of
appearance of Al and V compounds and receive the required
amount of copper in the surface coating.
The XPS spectra of the surface layer formed on Ti6Al4V
alloy after PEO in the electrolyte consisting of 3.20 and
1.60mol/L of copper nitrate in 85%-concentrated H3PO4 acid
are shown in Fig. 9. The high signals of titanium (Ti 2p),
aluminum (Al 2p), copper (Cu 2p), and phosphorus (P 2p)
as well as oxygen (O 1s) and carbon (C 1s) can be noted.
The oxygen bonded with carbon (a contamination layer), pre-
sented in Table 6, was separated from that one bonded with
chemical elements of surface layers, that is presented in
Table 7. The carbon-oxygen ratio in the contamination layer
was solved based on the stoichiometric rules. The carbon con-
tamination layer formed on Ti6Al4Valloy after PEO consists
of carbon and oxygen at about 72 and 28 at%, respectively.
The high-resolution XPS spectra of titanium (Ti 2p), alu-
minum (Al 2p), vanadium (V 2p), copper (Cu 2p), phosphorus
(P 2p), and oxygen (O 1s) are presented in Fig. 10. The bind-
ing energies of Ti2p3/2 and Ti2p1/2 equaling to 460.4 and
466.6 eV, respectively, can suggest the presence of titanium
on the fourth stage of oxidation (Ti4+) in the surface layer to
occur [38, 39]. On the basis of O 1s and P 2p spectra analysis,
where the maxima amount for 532.1 and 134.3 eV, respective-
ly, it can be concluded that most likely in the top layer, the
titanium phosphates Ti3(PO4)4 are present.
Concerning copper content, the resolution Cu 2p XPS
spectra of the surface layer formed on Ti6Al4V alloy after
PEO are displayed in Fig. 11. The smallest peak, i.e., at
932.1 eV (FWHM=0.5) and 933.5 (FWHM=1.6) can be
interpreted as Cu+ (copper I oxide) and Cu2+ (copper II oxide
and/or hydroxide), respectively. All the main highest peaks,
i.e., these with the binding energies of 935.5 eV (FWHM=
1.8) and 937.2 (FWHM=1.8) may be interpreted as Cu2+
(Cu3(PO4)2 [26–28] and/or Cu2PO4OH [40]. The other peaks
at the higher binding energies may be treated as Cusat satellite
peaks [39].
The Cu 2p binding energies equaling to 935.9, 937.3,
943.3, and 945.3 eV suggest that copper in the surface layer
is on the second level of oxidation (Cu2+) and most likely can
be interpreted as Cu3(PO4)2 and/or (Ti,Cu)x(PO4)y. The max-
imum in spectrumAl 2p overlapped with Cu 3p, and it is most
likely assigned to Cu2+ [26, 27]. The rest of the binding ener-
gies suggest that the aluminum is on the third stage of oxida-
tion (Al3+). Summing up, it should be noted that the surface
layer consists mainly of Ti4+, Al3+, Cu2+, and PO4
3−, which
may form the compounds such as (Ti,Al,Cu)3(PO4)y. In
Table 7, there are presented quantitative results of the chemi-
cal composition of the surface layer (top of 10 nm of PEO
layer).
It is visible that mainly phosphates PO4
3− (17.2 at% phos-
phorus and 68.7 at% oxygen) were detected. In the obtained
surface layer, the aluminum (6.8 at%) and phosphorus anaer-
obic (Ti,Al,Cu)-P compounds (3.8 at%) as well as titanium
(2.5 at%), were detected. In addition, the Cu/P, Al/P, Cu/Ti,













Biomaterial scaffolds [42, 43] as well as the whole alloys
such as magnesium and/or magnesium-zinc alloys [44–48]
Table 7 PEO nano-layer formed on Ti6Al4V (at%)
10 nm PEO layer on Ti6Al4V (at%)
Titanium Aluminum Vanadium Copper Oxygen in PO4
3− PO4
3− (Ti, Al, Cu)-P
2.5 6.8 0 1.0 68.7 17.2 3.8
Table 6 Carbon contamination in nano-layer formed on Ti6Al4V, at%





C 1s, eV 284.8 +1.5 eV +2.9 eV +4 eV
Carbon 59.7 25.6 7.9 6.8
Oxide <0.5, 1.0> 0.3 0.5
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can be fully degraded in a human body. In case of presented in
this paper the study results, the outer part of the PEO coating
has to be biodegradable to enable cells to produce their own
extracellular matrix. However, the inner sub-layer of the PEO
coating created should be compact and corrosion resistant.
Therefore, the main idea was to prepare the porous surface
on Ti6Al4V alloy sample which will be formed mainly of
phosphates within copper ions and/or compounds inside.
The biological research is planned to be developed and imple-
mented in the next stage of the study to conclude that the
obtained biomaterial samples used for scaffolds will be bio-
compatible and biodegradable. Thus, on the basis of available
literature, one can suppose that the main conditions referred to
the abovementioned biocompatibility and biodegradability
should be complied.
The work generally covers a technological approach to
biomaterial surface processing. Our plan for the future is to
start with biological tests, provisioned for a different team of
specialists, as soon as the technological part of the study is
completed. The purpose of the study is to know the PEO
processing so that all the mechanisms are understood. The
aim is to achieve the biomaterial surface state in which the
patient re-operation to change the implant is not necessary.
Titanium alloys have very good durability and corrosion re-
sistance in human electrolytes/body fluids. With a proper sur-
face preparation of the biomaterial implant having contact
with human tissue, such as the proposed PEO treatment, it
will be possible to exclude a need for re-operation.
4 Conclusions
The following conclusions may be formulated after the PEO





932.0 933.5 935.5 937.2 938.4 940.0 941.3 943.5 945.3 946.9
0.5 1.6 1.8 1.8 1.9 1.7 1.1 2.0 1.4 0.8
0.4 4.5 27.6 5.2 5.9 8.7 5.8 20.7 9.7 1.7
Fig. 11 High-resolution Cu 2p XPS spectra of the surface layer formed
on Ti6Al4Valloy after PEO
Fig. 10 High-resolution XPS spectra of the surface layer formed on Ti6Al4Valloy after PEO
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1. The electrochemical non-traditional machining-treatment
of PEO method is proposed.
2. Copper ions can be introduced into the surface layer of
Ti6Al4Valloy by the novel plasma electrolytic oxidation
(PEO) in the electrolyte consisting of copper nitrate and
concentrated phosphoric acid.
3. Statistical analysis applied for the experimental data treat-
ment indicates the optimum conditions for the PEO pro-
cess can be determined.
4. The copper to other elements ratios were determined to
choose the optimum values on demand.
Besides, the XPS study allowed to reveal that the surface
layer after PEO consists mainly of titanium and aluminum
phosphates with copper ions inserted in the volume of the
coating. In addition to the phosphates, it was found that also,
anaerobic phosphorus compounds with titanium and/or alu-
minum and copper ions are present in the coating. The valu-
able feature of the proposed PEO treatment is eliminating
vanadium and a considerable diminishing of aluminum from
the surface coating.
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